When listeners hear a target signal in the presence of competing sounds, they are quite good at extracting information at instances when the local signal-to-noise ratio of the target is most favorable. Previous research suggests that listeners can easily understand a periodically interrupted target when it is interleaved with noise. It is not clear if this ability extends to the case where an interrupted target is alternated with a speech masker rather than noise. This study examined speech intelligibility in the presence of noise or speech maskers, which were either continuous or interrupted at one of six rates between 4 and 128 Hz. Results indicated that with noise maskers, listeners performed significantly better with interrupted, rather than continuous maskers. With speech maskers, however, performance was better in continuous, rather than interrupted masker conditions. Presumably the listeners used continuity as a cue to distinguish the continuous masker from the interrupted target. Intelligibility in the interrupted masker condition was improved by introducing a pitch difference between the target and speech masker. These results highlight the role that target-masker differences in continuity and pitch play in the segregation of competing speech signals.
I. INTRODUCTION
Auditory scenes are easiest to process when they contain only a single source, but in the real world sounds rarely occur in isolation. Consequently, listeners are often required to integrate meaningful audio signals from the spectrotemporal "glimpses" that emerge when a target signal has a different pattern of spectrotemporal fluctuations than other, interfering sounds. Less frequently, listeners might be required to process audio signals that are "interrupted" by brief periods of silence ͑e.g., from a poor communications line such as a cell phone͒. In either case, the auditory system is faced with the somewhat daunting challenge of identifying the spectrotemporal fragments that should be grouped together as a representation of the target signal, and when interferers are present, segregating target fragments from any interfering sounds in the auditory mixture, and finally using target fragments to somehow reconstruct the original sound source.
While in many ways this might seem like a difficult or impossible task, a number of laboratory experiments have demonstrated that listeners can do it with relative ease, particularly when the target signal is speech and the masker is noise ͑Miller and Licklider, 1950; Howard-Jones and Rosen, 1993; Buss et al., 2004͒. Miller and Licklider ͑1950͒ were among the first to demonstrate that intelligibility of a target sentence is only minimally affected when it is periodically interrupted by silence. When the rate of interruption is 4 Hz or less ͑i.e., the periods of silence are relatively long͒, there is some loss of information because entire syllables and words are eliminated from the stimulus. However, once the rate of interruption reaches the point where there are multiple glimpses of the target speech per phoneme ͑between 8 and 100 Hz͒, the interrupted words become just as intelligible as uninterrupted speech.
Listeners are also quite adept at integrating target information across temporal intervals that are masked by noise. For example, at 0 dB signal-to-noise ratio ͑SNR͒, word intelligibility does not change significantly when continuous speech is intermittently masked by white noise and interruption rates are varied from 1 to 100 Hz ͑Miller and Licklider, 1950; Bower, 1969, 1970͒. In fact, at these rates of masker interruption, word intelligibility is only slightly worse than it is for speech that is interrupted by silent intervals. These results demonstrate that high levels of intelligibility can be achieved even when the listeners only have access to brief glimpses of a target speech stimulus. Indeed, numerous masking experiments ͑Miller, 1947; Pollack, 1955; Wilson and Carhart, 1969; Dirks and Bower, 1970͒ have demonstrated that target intelligibility in the presence of a steady-state noise masker can be significantly improved by interrupting or amplitude modulating the masker.
A closely related variation of the intermittent noise masking condition is the condition where the target and the masker are interrupted and temporally interleaved so the listener hears only one of the two signals at any given point in time. Listeners are so inclined to integrate speech segments across the interrupted speech intervals that they often report hearing it as a continuous speech signal masked by interrupted noise, rather than as an interrupted speech signal alternating with interrupted noise. Even when the listeners perceive the target speech as continuous, intelligibility is not improved relative to the condition where the target speech signal is interrupted by silence ͑Miller and Licklider, 1950͒. The fact that listeners perceive an auditory signal "continua͒ Author to whom correspondence should be addressed. Current affiliation: General Dynamics Advanced Information Systems. Electronic mail: nandini.iyer@wpafb.af.mil ing" through a more intense burst of masking noise is related to a well-researched perceptual phenomenon known variously as the picket fence effect, the temporal induction effect, the phonemic restoration effect, or the continuity illusion ͑Miller and Licklider, 1950; Thurlow and Elfner, 1959; Dirks and Bower, 1970; Warren, 1970; Drake and McAdams, 1999͒. Although previous experiments have thoroughly explored situations where an interrupted speech signal is masked by, or alternated with, a noise masker, virtually no information is available regarding what might occur when an interrupted speech signal is masked by, or alternated with, a speech masker. Previous experiments have shown that the impact on speech intelligibility can be very different for speech maskers compared to noise maskers in a wide variety of listening configurations. In situations where the target and masking speech signals are easily distinguished from one another, performance is generally better with a speech masker than with a noise masker presented at the same overall SNR. This occurs because listeners are able to attend to the target speech in the "dips" of the masking speech ͑Festen and Plomp, 1990͒. In other situations, where the target and masking speech utterances are perceptually similar and difficult to distinguish from one another, performance with a speech masker is often much worse than with a noise masker presented at a similar SNR value. However, in these situations large improvements in performance can occur when small perceptual differences are introduced between the two competing utterances. This often produces masking patterns that are much different than those that typically occur for speech-in-noise masking. For example, with a speech masker, performance can sometimes be better at negative SNRs because listeners can use intensity differences between two speech signals to listen to the less intense ͑target͒ talker ͑Brungart, 2001b; Brungart et al., 2001͒ but they gain no benefit from intensity differences when the masker is noise. Similarly, listeners have been shown to benefit more from real or apparent spatial separation between a speech target and a speech masker than from real or apparent spatial separation from a noise masker ͑Freyman et al., 1999; Hawley et al., 2000; Arbogast et al., 2002͒ . The performance differences obtained with speech maskers ͑when compared with noise maskers͒ are fundamentally related to the listener's inability to distinguish the acoustic features of a target speech signal from those of a similar-sounding masker. The term "informational masking" ͑Kidd et al., 1998; Freyman et al., 1999; Brungart, 2001b; Brungart et al., 2001͒ has been used to explain deficits in target identification that result from the presence of a speech masker compared to a noise masker that are not explained merely by the amount of spectral overlap. Whereas energetic masking captures the degradation in intelligibility of a target signal due to the overlapping target and masker energies in the peripheral auditory filters, informational masking has been commonly used to describe the difficulty that listeners experience when attempting to separate elements of a target signal from that of a perceptually similar masker.
Because speech-on-speech masking performance is complicated by so many factors, it is very difficult to use the prior studies that have examined speech perception with an alternating noise masker to predict what might happen when a target signal is masked by an alternating speech masker. On the one hand, one might expect listeners to benefit substantially from the dramatic increases in instantaneous SNR that result in near-ceiling performance in the alternated speech and noise conditions. On the basis of earlier speech-in-noise results, an engineer designing an enhanced multichannel speech display might consider signal alternation as a way to improve performance for a listener attending to two simultaneous speech signals. On the other hand, it is also possible that the signal interruption might somehow disrupt the cues the listeners normally use to selectively attend to a target phrase when it is masked by a perceptually similar speech competitor. The disruption of cues might offset the instantaneous SNR benefits obtained by alternating a speech target and a speech masker, or possibly even lead to reduced performance in the alternating speech-on-speech condition. The aim of this experiment was to extend Miller and Licklider's ͑1950͒ experiment on alternating speech and noise signals to conditions involving two competing speech signals, with the hope of gaining a better understanding of the processes listeners use to integrate short glimpses of information in multitalker speech perception.
II. EXPERIMENT 1: EFFECT OF MASKER TYPE, MASKER CONTINUITY AND TARGET INTERRUPTION RATE
A. Methods
Listeners
Eight listeners, ranging in age between 21 and 55 years, with normal hearing thresholds ͑audiometric thresholds Յ15 dB hearing level from 250 to 8000 Hz͒ participated. All were paid volunteers and had previous experience with the speech corpus used.
Signals
The speech materials were sentences from the publicly available coordinate response measure ͑CRM͒ corpus ͑Bolia et al., 2000͒. The corpus contains recordings of four male and four female talkers speaking phrases of the form, "Ready ͓call-sign͔ go to ͓color͔ ͓number͔ now." A combination of eight call signs ͑Arrow, Baron, Charlie, Eagle, Hopper, Laker, Ringo and Tiger͒, four colors ͑red, white, blue, green͒ and eight numbers ͑1-8͒ resulted in 256 phrases recorded per talker for a total of 2048 phrases in the entire corpus. The sentences in the corpus were band limited to 8 kHz and sampled 40 kHz. In this experiment, the target sentence was always denoted by the call-sign "Baron." Listeners heard the target sentence in the presence of two types of maskers ͑noise or speech͒, each either continuous or interrupted. The noise masker was a Gaussian noise that was spectrally shaped so that it matched the long term average spectrum of the 2048 phrases in the CRM corpus and was presented at a root mean square ͑rms͒ level that was 8 dB more intense than the rms level of the target speech ͑i.e., at an SNRϭϪ8 dB͒ prior to any interruption. When the masker was speech, a CRM phrase with a different call sign, color and number than the target phrase was selected randomly from the corpus, set to the same rms level, and played simultaneously with the target phrase. In order to maximize similarity between the voice characteristics of the target and masking sentences, the masking talker was always the same talker as the target talker.
The target sentence was interrupted in all experimental conditions. This interruption was achieved by multiplying the target sentence by a square wave with a 50% duty cycle and a repetition rate of 4, 8, 16, 32, 64, or 128 Hz. The target sentence was always multiplied by the square wave with an "on" starting phase. When the masker was continuous, its onset was simultaneous with the interrupted target sentence. In conditions where the masker was also interrupted, it was multiplied by a square wave and switched at the same rate as the target, but with the opposite starting phase ͑i.e., the "off" phase͒. Thus, in experimental conditions where the masker was interrupted, the resulting signal consisted of alternating segments of target followed by masker segments. Figure 1 depicts one such listening condition in which the target and masker sentence were both interrupted at a rate of 4 Hz. Note that the two square waves for the target and masker have identical repetition rates but different starting phases. A control condition, where the target and masker were both continuous, was also included, and for convenience we identify that condition as the "0 Hz" condition. To summarize, there were three independent variables: target interruption rate ͑0, 4, 8, 16, 32, 64 and 128 Hz͒, masker type ͑speech or noise͒ and masker continuity ͑continuous or interrupted͒.
Procedure
The signals were presented diotically through Beyer DT 990 PRO headphones to listeners seated in a quiet listening room. Potential responses were displayed in a 4 ϫ 8 matrix of colored digits. Listeners responded by using a cursor to select the desired color-number combination in the target sentence. Correct response feedback was provided after every trial and overall performance for each subject as well as group averages were displayed at the end of each block. In a block of trials, both the type of masker as well as masker continuity remained fixed, and four repetitions of each interruption rate were presented in a random order. The order of presentation of masker type as well as continuity of the masker was randomized across subjects. An additional block of trials was also conducted where listeners heard the target interrupted at rates of 4, 8, 16, 32, 64 , and 128 Hz with no masker. A total of 20 trials were collected per masker type at each interruption rate for each subject. in the condition where the target and speech masker alternated with each other at the rate of 4 Hz. Two phrases from the CRM corpus ͑target wave form depicted in black and masker wave form in gray͒ are multiplied by a square wave, such that the target was multiplied by the "on" starting phase ͑top middle panel͒ and the masker, by the "off" phase ͑bottom middle panel͒. The resulting signal is segments of target phrase that alternates with those of the masker phrase.
B. Results and discussion
FIG. 2. Percent correct target sentence identification as a function of the target interruption rate for two masker types: noise ͑left panel͒ and speech ͑right panel͒. The circles represent performance for listeners in conditions where the masker was continuous and the squares represent performance when the maskers were alternated with the target ͑interrupted masker condition͒. The diamonds represents performance in the interrupted target condition with no masker. The unfilled triangles represent data for 0 Hz control condition. The error bars represent the 95% confidence intervals around the mean. a continuous target in the presence of a continuous masker ͑the 0 Hz condition͒. The circles represent performance in the continuous masker condition, whereas the squares represent performance in the alternating masker condition. The diamonds represent the data from the condition where listeners heard the target alone interrupted at rates of 4, 8, 16, 32, 64, and 128 Hz. In the control condition with noise maskers, when the target and masker were both on continuously ͑0 Hz point in the left panel of the figure͒, listeners responded with the correct color and number combination in approximately 85% of the trials. When the target was interrupted but presented with no masker ͑diamonds͒, performance was near 100% at rates of 8 Hz and above. Performance remained near perfect when the target was alternated with a noise masker, suggesting that the introduction of an alternating noise had no substantial impact on the intelligibility of an interrupted speech target. Thus, data showed that the listeners were able to obtain enough information to identify almost 100% of the color-number combinations when they heard 50% of the target signal at a SNR of ϱ dB ͑interrupted target alternated with interrupted noise͒; roughly 35% of the color-number combinations when they heard 50% of the target signal at a SNR of −8 dB ͑interrupted target masked by continuous noise͒, and 85% of the color-number combinations when they heard the entire target signal at a SNR of −8 dB ͑con-tinuous target masked by continuous noise͒.
Performance with the speech masker showed a remarkably different trend. First, performance was about 53% in the 0 Hz control condition ͑continuous target, continuous speech masker͒ compared to 85% in the 0 Hz noise condition, despite the higher SNR ͑0 versus −8 dB͒. When the speech masker alternated with the target ͑squares in the right panel͒, listeners were able to identify 35% of the color-number combinations; in fact, performance with the interrupted speech masker was similar to that obtained with the continuous noise masker. Also, with speech maskers, target intelligibility with the continuous masker ͑circles in the right panel͒ was consistently better than with the interrupted masker. Indeed, when the target interruption rate was at least 32 Hz, performance in the continuous masker condition was actually better than it was in the 0 Hz continuous condition.
The arcsine-transformed percentage correct scores were submitted to a three-factor within-subject analysis of covariance ͑ANOVA͒ with masker type, masker continuity, and target interruption rate as factors. The analysis indicated that there were significant main effects of target interruption rate ͑F ͑6,42͒ = 59.21, p Ͻ 0.001͒, masker type ͑F ͑1,7͒ = 87.06, p Ͻ 0.001͒, and masker continuity ͑F ͑1,7͒ = 34.59, p = 0.001͒. All two-way interactions were significant; masker type and masker continuity ͑F ͑1,7͒ = 618.82, p Ͻ 0.001͒, masker type and target interruption rate ͑F ͑6,42͒ = 7.60, p Ͻ 0.001͒, and masker continuity and target interruption rate ͑F ͑6,42͒ = 8.35, p Ͻ 0.001͒. There was also a significant three-way interaction between masker type, masker continuity and target interruption rate ͑F ͑6,42͒ = 32.45, p Ͻ 0.001͒.
The two-way interaction between masker type and masker continuity is apparent in Fig. 2 , in that when the masker was noise, performance was consistently better in the alternating than continuous condition, whereas the converse was true with the speech masker. In order to examine the three-way interaction, two-factor within-subject ANOVA, with masker continuity and target interruption rate as factors, were conducted for both the noise and the speech masker condition. The 0 Hz control condition was not included in the analysis because it was a control condition. In addition, because the target interruption rate of 4 Hz was a special case, where performance was dominated by insufficient target information rather than the apparent continuity of the masker, only the transformed scored for target interruption rates of 8 Hz and higher were submitted to the ANOVA. Results indicated that, for noise maskers, only the main effect of masker continuity was significant ͑F ͑1,7͒ = 574.25, p Ͻ 0.001͒. For speech maskers, both main effects were significant; target interruption rate ͑F ͑4,28͒ = 11.51, p Ͻ 0.001͒, and masker continuity ͑F ͑1,7͒ = 25.63, p Ͻ 0.001͒. The twoway interaction between target interruption rate and masker continuity was also significant for speech maskers ͑F ͑4,28͒ = 6.64, p = 0.001͒. These results suggest that the two-way interaction between masker continuity and target interruption rate depended on the type of masker. Specifically, with speech maskers, there was a trend for performance to improve for the continuous masker condition, relative to the interrupted masker, as the target interruption rate increased. With noise masker, there was no trend for performance to improve with an increase in target interruption rate for either a continuous or an interrupted masker, although it must be noted that performance was near perfect with the interrupted noise masker condition.
The results from Experiment 1 indicate that the percentage of correct color-number identifications for a target sentence in the CRM corpus is substantially affected by both masker type and masker continuity. For noise maskers, the results obtained concur with those reported in prior studies; in particular, compared to the 0 Hz control condition, target word identification improves when the target alternates with the masker but deteriorates with an interrupted target and a continuous masker. The finding that an alternating noise masker is less effective than a continuous noise masker is well documented in the literature ͑Miller and Licklider, 1950; Dirks and Bower, 1969; Howard-Jones and Rosen, 1993͒ . The release from masking is attributed to instances in time when the local signal-to-noise ratio is greatly improved. The auditory system is fairly adept at distinguishing the noise fragments from the speech fragments and integrating segments of the target sentence together so that performance is no different from the condition when the target sentence is interrupted by silence. In conditions when an interrupted target is heard in the presence of a continuous noise masker, three factors may be responsible for the degradation in performance relative to an interrupted noise masker. First, the listener is not afforded a glimpse of the target sentence at a favorable SNR that is sufficiently long to integrate target information. Second, the listener loses 50% of the information in the target speech due to the interruption ͑note that this is also true with the interrupted noise masker, where performance is near ceiling͒. And third, the listener faces the po-tentially much tougher problem of extracting "noisy" speech fragments from noise ͑rather than extracting "clean" speech fragments from noise͒ in order to piece together the fragments of the interrupted target signal into a coherent stream.
The pattern of results for the speech maskers differed significantly from the noise maskers; performance in the interrupted speech masker condition was always worse than with a continuous speech masker. This result most likely occurred because the listeners had much more difficulty distinguishing the interrupted target signal from the interrupted speech masker than they did segregating it from an interrupted noise. Indeed, the interruption may have disrupted some of the cues ͑such as prosody͒ that listeners normally use to segregate multiple continuous speech signals, especially in cases when the target speaker is similar to the masking speaker. As a result, the segregation task with an interrupted speech masker was even more difficult than the control ͑0 Hz͒ segregation task, where both the signals ͑tar-get and masker͒ were continuous. Finally, also in direct contrast to the noise condition, the improvement in performance seen in the continuous speech masker conditions over the 0 Hz condition was probably the result of the listener using continuity cues to distinguish between the target and masking voices. By intentionally listening for the interrupted speech signal and ignoring the continuous speech signal, the listeners were able to improve performance despite the lower local SNR values in the continuous masker conditions.
From the standpoint of energetic masking alone, the result with the speech masker is surprising because in the interrupted condition, the local SNR is just as favorable as in the interrupted noise masker condition. It is clear from the results that informational masking factors, related to the confusability of the target and masking voices, played a much greater role than energetic masking in determining performance in the task. Therefore, even in listening conditions where listeners could potentially utilize optimal SNR to "hear out" the target signal, the similarity between the target and masker in terms of masker continuity ͑i.e., both interrupted͒ actually disrupted performance compared to the condition where local SNR was worse, but where a continuity cue was present ͑i.e., continuous masker, interrupted target͒. This suggests that signal manipulations that decrease the perceptual similarity rather than improve the local SNR are key to improving target identification and thereby alleviate informational masking. Finally, while we are unaware of any previous results demonstrating this effect with a speech signal, it is worth noting that a number of studies have reported similar effects with tonal nonspeech signals that also tend to generate significant amounts of informational masking. For example, Kidd et al. ͑1994͒ reported a substantial reduction in informational masking when a 1000 Hz target was presented during every alternate instead of in every burst of a multitone masker. This reduction in masking was obtained despite the fact that the overall target energy in the alternating condition was half that present during the continuous condition. Similarly, Neff ͑1995͒ reported that informational masking was substantially reduced for an amplitude-modulated target compared to a pure-tone target presented with multicomponent maskers.
One important question left unanswered by these data is whether the listeners in the speech masking condition actually received any benefit from regions of favorable SNR that occurred in the interrupted speech condition. If energetic masking was not a factor in the speech masking conditions, then one might expect to get the same results regardless of whether the interrupted target and masking signals were presented in the same time intervals ͑i.e., both on, both off͒ or in alternating time intervals ͑i.e., target on, masker on͒. In order to address this question, a follow-up experiment was conducted that compared the interrupted condition tested in Experiment 1 with a new condition where the target and masking signals were both interrupted, but were presented simultaneously. The experimental procedures were identical to those used in Experiment 1, but data were only collected at four target interruption rates: 0 ͑control condition͒, 8, 32 and 128 MHz. Figure 3 presents the average results from seven subjects, six of whom also participated in Experiment 1. As in Fig. 2 , the circles and squares represent the average percentage correct color-number responses for a continuous and interrupted masker, respectively. The diamonds represent average performance in the condition where the masker was pulsed on and off simultaneously with the target signal. Comparing the simultaneous speech masking condition ͑dia-monds in the right panel of the figure͒ to the interrupted speech masking condition ͑squares͒, it is clear that some release from energetic masking was obtained when the speech masker was interleaved with the target rather than presented simultaneously. However, the improvement in performance was small compared to that obtained with the continuous masker ͑circles in the figure͒, despite the fact that the continuous masker condition had the same local SNR value as the simultaneous masking condition. A paired sample t test with Bonferroni correction supported this conclusion; listeners' performance in the alternating and simultaneous speech masker condition was not significantly different at the three rates of interruption tested ͑t = 0.508, 2.34 and 3.24, for 8, 32 and 128 Hz, respectively, p Ͼ 0.05͒. Perhaps a more surprising finding is the trend for performance in the noise masking condition to be worse in the simultaneous masking condition ͑diamonds in the left panel of the figure͒ than in the continuous masking condition ͑circles͒. The trend is observed despite the possibility of additional forward or backward masking from the noise in the target-silent intervals. Although the difference is not significant at the target interruption rates tested ͑t = 3.29, 1.15, 1.96, respectively, p Ͼ 0.05͒, it is possible that listeners were able to use the continuity of the noise masker to help segregate the noise from the target, in the same way they were able to use the continuity cue with the speech masker.
III. EXPERIMENT 2: EFFECT OF CHANGING VOICE CHARACTERISTICS
The results from the first experiment clearly indicate that the masking obtained with a continuous or interrupted speech masker was different from a continuous or interrupted noise masker. In particular, target identification was significantly worse with an interrupted than with a continuous speech masker, whereas the opposite was true with a noise masker. In part, we hypothesized that a temporal continuity cue ͑continuous speech masker, interrupted target͒ resulted in the pattern of performance obtained with the speech maskers. However, in all listening conditions in Experiment 1, the target talker was always the same as the masking talker. So, the continuity was the only viable cue that listeners could use in the experiment. Previous experiments have demonstrated that pitch differences can also be used effectively by listeners in order to segregate a target talker in multitalker listening tasks ͑Brungart, 2001a; Darwin et al., 2003͒. In the second experiment, we introduced pitch differences between the target and masking talker in the speech masking conditions. The aim of this experiment was to evaluate if listeners could use a pitch difference cue, in addition to or instead of a continuity cue, to segregate an interrupted target signal.
A. Method
The target signals in this experiment were similar to those in Experiment 1. The masker was always a speech masker and was either continuous or interrupted. In addition to masker continuity ͑i.e., continuous versus interrupted͒, the masker sentences were processed using the Praat software ͑Boersma and Weenink, 1996͒ implementation of the PSOLA algorithm ͑Moulines and Charpentier, 1990͒, so that the fundamental frequency ͑F0͒ and the vocal tract ͑v.t.͒ changes simulated a change from a masker that was the same sex as the target to one that was a different sex. For each male talker, individual v.t. values were multiplied by a factor of 0.96, 0.92 and 0.76 and the F0 were adjusted so as to correspond to semitone differences of 2.7, 5.2, and 12.4 between the original and modified voice. Effectively, the pitch of the male voice increased so that the manipulation was akin to playing a masker phrase that can be described as "quarter-female," "half-female," and "super-female" talker, respectively. Conversely, female voices were lowered in pitch by increasing the v.t. length by a factor of 1.04, 1.08, and 1.24, with associated semitone differences of −2.7, −5.2, and −12.4 between the original and altered voices. Because all changes were made with respect to the individual talkers, all absolute differences between the talkers were retained. These values and additional details about the F0 and v.t. manipulations are described in Darwin et al. ͑2003͒ . Thus, there were three independent variables in this experiment: masker continuity ͑continuous versus interrupted speech masker͒, target interruption rate ͑4, 8, 16, 32, 64, or 128 MHz͒ and pitch difference between the target and masker voice ͑2.7, 5.2 or 12.4 semitones͒. Data were collected from nine listeners with hearing thresholds within normal limits. Eight of the nine listeners also participated in the previous experiment. The order of presentation of target interruption rate as well as pitch difference were randomized but only one masker continuity was tested in each block. Data from the experiment represents the average from 20 trials per condition per listener. Figure 4 shows the percentage of correct color and number identifications as a function of target interruption rates in each of the three pitch difference conditions. For comparison, data with the speech maskers from Experiment 1 are also plotted, where the masking talker was the same as the target talker and hence the overall pitch difference was 0 semitones. Within each panel, the circles show performance for the continuous speech masker, whereas the squares show performance for a speech masker alternating with the target phrase. As in the previous experiment, the unfilled triangles represent data from the 0 Hz control condition. All error bars represent the 95% confidence limits.
B. Results and Discussion
Target identification in the control condition ͑0 Hz͒ with a continuous target and a continuous masker ͑leftmost point in each panel͒ improved when the pitch difference increased from 0 to 2.7 semitones, but differences in pitch that exceeded 2.7 semitones did not provide any additional benefit to listeners. These results are consistent with Darwin et al. ͑2003͒ , where target identification improved by 15-25% as the pitch difference increased from 0 to 2.7 semitones but plateaued at higher pitch differences.
Except at the largest pitch separation tested, target identification in the presence of a continuous speech masker was higher than in interrupted masker conditions. A three-factor, within-subject ANOVA was performed on the arcsinetransformed mean scores. The factors were masker continuity ͑continuous versus interrupted͒, target interruption rate, and pitch separation. Results of the ANOVA indicated main effects of masker continuity ͑F ͑1,7͒ = 53.60, p Ͻ 0.001͒, pitch separation ͑F ͑3,21͒ = 55.63, p Ͻ 0.001͒, and target interruption rate ͑F ͑6,42͒ = 104.20, p Ͻ 0.001͒. All two-way interactions were significant as was the three-way interaction of pitch, target interruption rate and masker continuity ͑F ͑18,126͒ = 2.39, p Ͻ 0.01͒. In order to examine the source of the threeway interaction, a two-factor within-subject ANOVA was conducted with masker continuity and target interruption rates as factors for all four levels of pitch separation. The results of the ANOVA indicated that the main effects as well as the two way interactions were significant for all except the 12.4 semitone pitch separation. In the 12.4 semitone condition, only the main effect of target interruption rate ͑F ͑4,28͒ = 12.17, p Ͻ 0.001͒ and the two-way interaction ͑F ͑4,28͒ = 15.03, p Ͻ 0.001͒ was significant. The main effect of masker continuity was not significant ͑F ͑1,7͒ = 1.01, p = 0.349͒. Thus, the observed differences between continuous and interrupted maskers at different target interruption rates depended on the pitch separation between the target and masker.
Notably, performance at the higher target interruption rates ͑Ն32 Hz͒ tended to plateau in all cases at the same level ͑80% correct responses͒ achieved in the continuous 0 Hz control conditions ͑triangles͒ when there was a pitch difference in the target and masker signals ͑Panels 2-4͒. One possible explanation for this result is that the pitch difference cue and the continuity cue were each equally effective at allowing the listener to distinguish the target speech from the masking speech, but that the cues were redundant rather than additive in cases where both were available to the listener. In other words, the listeners could distinguish between the target and masking speech signals on the basis of pitch or on the basis of continuity, but they gained no further advantage when both cues were available.
The introduction of a pitch difference cue had a much larger impact on performance when both the target and masker were interrupted ͑filled squares in Fig. 4͒ . In these conditions, the introduction of a pitch difference had the greatest effect at intermediate interruption rates ͑8-32 Hz͒, where it systematically improved performance from roughly 40% correct responses in the 0 semitone condition to more than 80% correct responses in the 12.4 semitone condition. Indeed, performance with an interrupted masker separated by 12.4 semitones from the target was actually better than with a continuous masker at some interruption rates. The improvement in performance observed when a pitch difference was introduced in the interrupted masker condition suggests that the pitch cue was the only viable cue for segregating the target and masking speech signals. Thus, it provided a substantial benefit by allowing the listener to segregate the target and masking speech signals into two streams. At these rates of interruption ͑64 Hz and higher͒, listeners informally reported hearing two streams: a low-pitch stream, comprised of the target phrase, and a high-pitch stream comprised of the masker phrase. It is plausible that in the 12.4 semitone case at 8 -16 Hz repetition rates, the pitch cue may have been so effective for segregating the target and masker into separate streams that it allowed the listeners to take advantage of the improved local SNR value in the alternating masker condition, thus explaining the higher performance obtained in that condition ͑though it is worth noting that performance never approached the near 100% correct level obtained for an interrupted speech signal with no masker͒.
At the highest interruption rates ͑64-128 Hz͒, there seemed to be a precipitous decline in performance in the interrupted speech masker condition with 5.2 and 12.4 semitone difference. The reason for this decline is not clear, but one possible explanation is that these interruption rates were high enough to directly interfere with the perception of the F0 values of the speech signals and that they thus disrupted the segregation of the target and masking speech signals on the basis of pitch.
Although there are clear differences between the segregation of interrupted speech signals and interrupted tones, it is perhaps worth mentioning that there are some parallels between the pitch difference effects seen in this experiment and those observed in studies of the segregation of tones. Experiments examining the perception of alternating high and low frequency tones have also demonstrated a profound shift between the perception of a single alternating-frequency stream and two separate high and low frequency streams when the pitch difference exceeds a certain threshold for a given alternation rate ͑Noorden, 1977; Ciocca and Bregman, 1987͒. Perhaps it is surprising that listeners could not derive more benefit from the separation in pitch between the target and masker streams at these high rates of interruption in the current study. However, such performance decrements at high rates have been previously reported for noise maskers as well ͑Miller and Licklider, 1950; Dirks and Bower, 1970͒ and have been attributed to increased nonsimultaneous masking during the noise intervals or due to the introduction of sidebands ͑Miller and Licklider, 1950͒. The results from Experiment 2 suggest that increasing the pitch difference between the target and speech masker seems to improve performance when target and masker speech signals are both continuous. At a pitch difference of 12.4 semitones, listeners most effectively integrate information when the target is alternated with the masker only at slow interruption rates ͑be-tween 8 and 16 Hz͒.
IV. GENERAL DISCUSSION
Overall, the results from these experiments support the observation that target-masker similarity can often play a dominant role in speech-on-speech masking, and they provide additional evidence that performance with a similarsounding speech masker cannot be predicted from the results of experiments that have used noise as a masker. From a more practical standpoint, they also seem to rule out the possibility of using temporal alternation as a way to increase a listener's ability to process multiple speech signals through a monaural channel. At first glance, the results may not be surprising. Previous research has shown that, while continuous noise is more efficient than speech in terms of its ability to energetically mask the acoustic elements of a target speech signal, a perceptually similar speech masker often produces lower performance because it is much harder to segregate from the target speech. However, with speech maskers, it is often difficult to partition the effects of overlapping spectral bands between the target and masker ͑energetic component͒ from those that are caused due to similarity or uncertainty of the target and masker. In the current study, the energetic effects of a noise and speech masker were controlled by alternating the target and masker temporally. For both maskers, the nominal SNR in the alternating condition was close to infinity. While performance with the noise maskers improved due to the improvement in local SNR, the performance with the speech masker actually dropped below the control condition where both target and masker were continuous. With speech maskers, when an additional cue, continuity, was introduced that reduced the perceptual similarity of the target and masking signals, performance generally increased substantially. In most experiments that have explored these similarity-based informational masking effects in speech-onspeech masking, similarity has been operationally defined as "sameness" in pitch ͑Freyman et al., 1999; Brungart, 2001b; Brungart et al., 2001͒, vocal tract size ͑Darwin et al., 2003͒, apparent location ͑Freyman et al., 1999͒, intensity ͑Brungart, 2001b͒ , or some other conventional parameter of speech. In this paper, Miller and Licklider's ͑1950͒ work in interrupted speech perception has been extended to introduce another cue that listeners can utilize to segregate the target and masker-masker continuity.
In general, the ability to segregate a target interrupted at various rates depended largely on the type and continuity of the maskers. For noise maskers, performance was worse with a continuous than an interrupted masker. Increased performance with an interrupted masker was due to a release from energetic masking, so that listeners were able to glimpse the target during epochs when there was no masker present. On the other hand, with speech maskers, performance was best when the masker was continuous instead of interrupted. Listeners were unable to hear out the target in the interrupted masker condition, despite near infinite SNR in those conditions. We believe that performance was worse in the interrupted speech masker condition because, in addition to eliminating some of the phonetic information in the target signal, this condition did nothing to make the target less "similar" to the masker. The interruption of the masker ͑and indeed the target signal͒ might also have interfered with the prosodic continuity cues that normally would have helped the listeners segregate two phrases spoken by the same talker. Conversely, in the continuous masker condition, listeners could utilize the continuity of the masker to disambiguate it from the interrupted target, leading to a marked improvement in performance at high interruption rates.
When pitch differences were introduced between the target and masker sentences, there was no improvement in performance with a continuous speech masker ͑compared to the baseline 0 semitone condition͒. Presumably, the pitch cue provided an equally salient means of segregating the target and masker as the continuity cue in these conditions. Compared to the 0 semitone condition, the greatest improvement in performance was observed in the interrupted masker condition when pitch cues were introduced, mainly because the pitch cue provided the listeners with a means to track the target sentence and/or ignore the masker. When rates of interruption increased, there was a tendency for performance to decline with both types of maskers, perhaps due to interference between the interruption rates and the F0 values of the talkers.
In real world listening environments, listeners are constantly required to reconstruct audio signals from a relatively sparse distribution of spectrotemporal glimpses where the target signal locally dominates the other components of a complex auditory mixture ͑Cooke, 2006͒. In this paper, we have identified a number of important attributes about this "glimpsing process." First, we have argued that the ability to extract a speech signal from an interrupted noise signal is not based on any kind of temporal "synchronization" or "entrainment" to the target signal in the glimpsing process ͑i.e., the ability to tie together observations that occur at fixed intervals from one another͒. If listeners were able to use this kind of synchronization, it should have helped them extract the target speech from an interrupted speech masker just as easily as they were able to extract it from an interrupted noise masker. Thus, listeners must be using some acoustic properties inherent in the noise to make the distinction between speech and noise glimpses in the interrupted noise masker condition. Second, we have shown that "signal continuity" is a viable perceptual parameter that listeners can use to help segregate a continuous speech signal from an interrupted speech signal. Finally, we have shown that listeners can use F0 differences to help group together short alternating glimpses of speech, but that this kind of grouping falls apart when the target interruption rate exceeds 32 Hz. However, a more complete understanding of the cues listeners use to successfully piece together the sparsely distributed spectrotemporal fragments of a sound into a coherent audio image is necessary before we can begin to fully understand how human listeners are able to robustly segregate audio signals in such a wide range of listening environments.
